We have investigated temperature dependence of the lattice parameters and the unit cell volume of ZnF2 by neutron diffraction and have discovered negative thermal expansion (NTE) at low temperature. To understand why this simple compound exhibits NTE we performed first principle calculations. These calculations reproduce qualitatively the experimental temperature dependence of volume. The negative thermal expansion (NTE) in solids has attracted the renewed attention of condensed matter scientists ever since Sleight and coworkers 1,2 discovered that ZrW 2 O 8 contracts over a wide temperature range of more than 1000 K. There are excellent review articles 3,4 on the NTE of this type of so-called framework materials. However NTE is known and has been studied experimentally and theoretically for a long time. Among these Si and Ge and other tetrahedrally bonded crystals at low temperature are classic examples 5-7 . The NTE is however limited in the low temperature range in these materials, whereas in higher temperature range they exhibit normal positive thermal expansion. There exists a more general review article 8 covering all types of materials that exhibit NTE. Here we report observation of NTE in diamagnetic ZnF 2 with the simple rutile-type structure. We also report the results of our ab-initio calculations that reproduce qualitatively the observed NTE in ZnF 2 .
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The negative thermal expansion (NTE) in solids has attracted the renewed attention of condensed matter scientists ever since Sleight and coworkers 1,2 discovered that ZrW 2 O 8 contracts over a wide temperature range of more than 1000 K. There are excellent review articles 3, 4 on the NTE of this type of so-called framework materials. However NTE is known and has been studied experimentally and theoretically for a long time. Among these Si and Ge and other tetrahedrally bonded crystals at low temperature are classic examples [5] [6] [7] . The NTE is however limited in the low temperature range in these materials, whereas in higher temperature range they exhibit normal positive thermal expansion. There exists a more general review article 8 covering all types of materials that exhibit NTE. Here we report observation of NTE in diamagnetic ZnF 2 with the simple rutile-type structure. We also report the results of our ab-initio calculations that reproduce qualitatively the observed NTE in ZnF 2 .
The transition-metal difluorides MF 2 (M = V, Cr, Mn, Fe, Ni, Cu, Zn) with the rutile-type or distorted rutile-type crystal structure form an important class of materials with interesting magnetic and magneto-optic properties. In order to entangle magnetic effects from the lattice effects, the last of this series viz. the nonmagnetic ZnF 2 has often been used to study the background lattice effects. However even this non-magnetic solid showed anomalies in elastic constants at low temperatures not expected for ZnF 2 with no temperatureinduced phase transition. The observed softening of C 44 and C s = (C 11 − C 12 )/2 at low temperature in ZnF 2 had been interpreted as an incipient ferroelectric transition 9,10 but has also been contested 11, 12 .
Figure 1 shows schematically the rutile-type crystal strucure of ZnF 2 that crystallizes with the space group D 14 4h or P 4/mnm. The unit cell is tetragonal with lattice parameter a = 4.7034, c = 3.1335Å at T = 296 K and it contains two formula units Z = 2. The two Zn 2+ ions are located at positions (0, 0, 0) and (1/2, 1/2, 1/2) whereas four F − ions are located at (x, x, 0), (1−x, 1−x, 0), (1/2− x, 1/2+x, 1/2), (1/2+x, 1/2−x, 1/2) with the positional parameter x = 0.303. The Zn 2+ ions are surrounded by six F − ions to form slightly distorted octahedra. The octahedra are edge linked along the c-axis and cornerlinked along < 110 > crystallographic directions.
Neutron diffraction experiments were done on ZnF 2 on the high intensity powder diffractometer D20 of the Institute Laue-Langevin in Grenoble. The 115 reflection from a Ge monochromator at a high take-off angle of 118 ZnF 2 powder samples was placed inside an 8 mm diameter vanadium can, which was fixed to the sample stick of a standard 4 He cryostat. We have measured the diffraction intensities from ZnF 2 as a temperature in the range 1.8 − 320 K. The Rietveld refinement 13 of the diffraction data was done by the Fullprof program 14 . The refinement results from ZnF 2 at T = 1.8 K is shown in Fig. 2 . The agreement factors R (not corrected for background) for pattern of this refinement were R p = 3.13 and R wp = 4.13. The corresponding conventional Rietveld R-factors were R p = 14.0 and R wp = 10.5. The goodness of the fit as given by χ 2 was χ 2 = 2.07. Fig. 3 shows the temperature variation of the lattice parameters a, c, and the unit cell volume V of ZnF 2 on the left panels. The red curves in these figures represent the lattice parameters and the unit cell volume obtained by fitting the data by fifth degree polynomials. Attempts to fit the data by Debye or Einstein functions in Grüneisen approximation failed for a and V because of the negative thermal expansion at low temperaure. Fifth degree polynomial function fit the low temperature suc- . The blue and the dotted red curves correspond to the observed and calculated volume thermal expansion coefficient αV . The experimental values were determined from the differentiation of the fitted data with a fifth-order polynomial function.
cessfuly. On the right panels only the low temperature data are shown. The lattice parameter a and the unit cell volume V exhibit minima at about 75 K.
The upper panel of Fig. 4 shows the experimental normalized volume change given by
where V (T ) is the unit cell volume at temperature T and V 0 is the volume at T = 0 along with the values calculated within the density functional theory framework (DFT). The lower panel of Fig. 4 shows the experimental and calculated volume thermal expansion coefficients α V in the low temperature range given by In order to check whether there exists any indication of incipient ferroelectric phase transition [9] [10] [11] [12] in ZnF 2 at low temperature we refined the neutron powder diffraction data by the Rietveld method and determined the positional parameter x and the two Zn-F bond distances d 1 and d 2 as a function of temperature. Fig. 5 shows these quantities. The absence of any anomalies suggest that apart from the negative thermal expansion (NTE) no further structural changes take place in ZnF 2 low temperature.
We have done calculations to check whether we can reproduce NTE in ZnF 2 using first-principles DFT. Since DFT is a T = 0 K approach, the finite temperature dependence is introduced within the framework of phonons by applying the so-called quasiharmonic approximation. The anharmonic effects are included uniquely via the volume dependence of the phonon frequencies. For a set of volumes around the equilibrium one, the procedure consists of evaluating the total Helmhotz free energy given by
where E el (V) and F ph (V, T ) are the total ground-state temperature-free energy at constant volume as obtained directly from DFT and the phonon free energy extracted from subsequent lattice dynamical calculations for each volume, respectively. The free energy F (V, T ) can be then used to evaluate thermodynamics of the material under study. The starting geometry for the calculations was the experimentally refined ZnF 2 structure 9 . Relaxed geometries, total energies, phonon frequencies and volumedependent phonon free energies were obtained using similar computational procedure described previously [15] [16] [17] . The underlying mechanism of NTE in ZnF 2 seems to be very similar to that for tetrahedral semiconductors like Si, Ge, ZnS etc. with diamond and zincblende structures [5] [6] [7] [8] . It is the excitations at low temperatures of the low-energy phonon modes with negative Grüneisen parameters that are responsible for NTE in ZnF 2 . These modes are likely connected with the rigid-mode vibrations of ZnF 6 octahedra and their linkage along the a axis shown in the right panel of Fig. 1 .
In conclusion we have done neutron diffraction study of the temperature dependence of the crystal structure of the simple non-magnetic or diamagnetic transition metal difluoride ZnF 2 with rutile structure and have discovered negative thermal expansion (NTE) at low temperature. Our first principle calculations reproduces qualitatively this experimental result.
